In 1954, Dr. David Bloom, a New York City dermatologist, reported on 3 children with telangiectatic erythema and short stature [Bloom, 1954] . He suggested that this condition represented a unique human syndrome. Soon thereafter, working at the New York Blood Center, Dr. James German began to follow persons with Bloom's syndrome (BS) and to maintain clinical information as well as a repository of biological samples in the Bloom's Syndrome Registry, which he established in 1960. In 1965, he published his observations of increased chromosome breakage and an increased risk for cancer in persons with BS [German et al., 1965] . He observed isochromatid breaks and associated displaced acentric fragments and sister chromatid reunions, transverse breakage at the centromere, and a characteristic finding of quadriradial configurations that were present in as many as 5% of the cells. He interpreted this as an indicator of an increased rate of somatic cross-over. He also reported that among the original 19 patients described, 3 had developed cancer at relatively young ages, and suggested that it was likely a result of the chromosomal instability he had observed in vitro. Among the first 27 persons known to have BS, 4 cancers were observed [German, 1969 ], and it was by then clear that cancer predisposition was a characteristic feature of BS.
A high rate of sister chromatid exchanges (SCEs) in persons with BS were first reported by the German laboratory in 1974 Chaganti et al., 1974] . In normal phytohemagglutinin-stimulated lymphocytes grown in bromodeoxyuridine, there was a mean of 6.9 SCEs per metaphase (range 1-14), compared to 89.0 SCEs per metaphase (range 45-162) in cells from persons with BS. Normal rates of SCEs were found in BS heterozygotes and in cells homozygous or heterozygous for ataxia telangiectasia and Fanconi anemia. This high rate of SCEs was used and continues to be used for diagnosis of BS because it is a unique feature. In a subsequent examination of SCEs in BS, German et al. [1977a] reported on the coexistence of cells with increased numbers of SCEs and other cells with normal SCEs. This phenomenon is now recognized to occur in a minority of persons with BS and has been suggested to result from a stem cell or subpopulation of stem cells that reverted to wild type through homologous recombination or back mutation [Ellis et al., 1995a . In an analysis of DNA fiber autoradiograms from skin fibroblasts and lymphocytes, Hand and German [1975] observed a slower rate of replication fork movement, compared to normal adult controls. We now recognize that this aberration results from defective RecQ helicase function during DNA replication.
From a survey of medical and genetics professionals in Israel, 8 Ashkenazi Jewish individuals with BS were identified among a total population of 1,291,000 Ashkenazi Jews living there from 1971 to 1972 [German et al., 1977b] . The authors estimated a carrier frequency of ∼ 1 in 1,920 and regarded this as a minimum estimate because of probable under ascertainment. As support for the likely underascertainment, they noted that 7 of the 8 individuals were male, for a disorder that should have an equal sex ratio. Males continue to be identified more frequently than females, which is likely to indicate continued underascertainment, although it is possible that prenatal loss or excess early mortality may disproportionately affect females.
In 1994, the genetic locus for BS was mapped to chromosome subband 15q26.1 through homozygosity mapping and through linkage disequilibrium studies in affected and unaffected individuals from the Ashkenazi Jewish and non-Ashkenazi populations . This linkage disequilibrium provided support for the founder-effect hypothesis. Ellis et al. [1995b] were able to select a cDNA derived from a genomic segment to which BLM had been assigned by somatic crossover point mapping. Further analysis identified a 4,437-bp cDNA that encoded a 1,417 amino acid peptide with homology to the RecQ helicases that is now denoted as BLM . The confirmation that BLM is the causative gene in BS was provided by the detection of chainterminating mutations in 10 persons with BS. All 4 affected individuals who were of Ashkenazi Jewish descent were homozygous for a 6-bp deletion and 7-bp insertion at position 2,281, which is now designated as blm Ash because of its presence in persons of Eastern European Jewish ancestry. This finding provided a convenient marker through which to employ carrier screening in the Ashkenazi population. BS is now recognized to be one of several disorders that result from mutations of RecQ helicases and is a prototype of diseases associated with chromosomal instability and an increased risk for cancer. The other RecQ-related disorders include Rothmund Thomson, RAPADILINO and Baller Gerold syndrome, associated with RECQL4 mutations, and Werner syndrome, associated with mutations of WRN . At this time, BLM is the only known gene that causes the BS phenotype. The possibility of genetic heterogeneity remains an unanswered question. In 9 of 134 individuals with a BS phenotype followed by the Bloom's Syndrome Registry, no BLM mutation could be identified [German et al., 2007] .
Subsequent investigations have confirmed the increased carrier frequency in the Ashkenazim through DNA analysis of the common Ashkenazi mutation (blm Ash ) in anonymous samples of persons with no known history of BS [Li et al., 1998 ]. We now recognize that the presence of blm Ash in over 95% of the BS chromosomes in Ashkenazi Jews results from identical by descent inheritance from a common founder [German et al., 2007] . The BLM mutations so far identified have also suggested additional founder mutations. Among 64 different mutations that were reported by German et al. [2007] , 19 were recurrent, including several from Portugese/Brazilian, Japanese, Anglo-German, and Italian American persons. A recurrent founder allele (c.1642C>T) of BLM has also been identified in Slavic populations of Eastern Europe [Sokolenko et al., 2012] .
By 1997, 100 cancers had been reported among 71 persons in the Bloom's Syndrome Registry [German, 1997] . These cancers occurred at earlier ages than in persons from the general population. For example, there were 13 individuals who developed colorectal cancer at a mean age of 33 years (range 18-48 years). Multiple primary tumors were also observed. At least 2 primary tumors were seen in 19 individuals, including one person with 5 independent tumors. Rare tumors such as Wilms tumor, osteogenic sarcoma, and medulloblastoma were also diagnosed more commonly than expected and at young ages. As of 2016, there were 212 malignant neoplasms that have been identified in 136 persons in the Bloom's Syndrome Registry [Sanz et al., 2016] . Leukemia and lymphoma are the most commonly diagnosed malignancies (75/212), followed by colorectal cancer (31/212).
Clinical Features
BS is an autosomal recessive multisystem condition characterized by abnormal growth, feeding difficulties in infancy, skin changes, immune deficiency, insulin resistance, an increased risk for diabetes, and an increased risk to develop cancer at a young age. The diagnosis is usually made after recognition of a suggestive pattern of growth and medical problems. There are no clinical diagnostic criteria for BS. The clinical diagnosis can be confirmed by cytogenetic analysis that identifies an increased number of SCEs. The molecular confirmation of BS identifies biallelic mutations of BLM .
Facial Appearance
The facial features of people with BS are variable and may be indistinguishable from their age-matched peers. More commonly, there are differences in appearance that include a long and narrow face, underdeveloped malar area, and retrognathia or micrognathia [German, 1969] . The nose and/or ears are often prominent, which may be accentuated by a general paucity of subcutaneous fat. Most people with BS have a head circumference that is below the 3rd percentile [Keller et al., 1999] , and their head shape is long and narrow.
Growth
People with BS have prenatal and postnatal growth deficiency. Both length and weight are affected. Children are typically born small for gestational age, with an average birth weight of 1,890 g in males and 1,868 g in females [Keller et al., 1999] . The average birth length is 43.4 cm in males and 43.8 cm in females [Keller et al., 1999] . Individuals remain unusually small, with a height of -3.96 ± 1.32 SD and weight of -2.44 ± 1.03 SD [Diaz et al., 2006] . By young adulthood, all growth parameters are reduced.
The mean for final adult stature is 148.5 cm for males and 141.5 cm for females with a mean weight of 41.3 kg in males and 36.6 kg in females [Keller et al., 1999] .
Infants and children typically have significant feeding problems with apparent lack of interest in eating. Many parents report that their children also have gastroesophageal reflux, excessive vomiting and diarrhea [Keller et al., 1999] . Some have required gastrostomy placement, with an increase in weight but not linear growth. Subcutaneous adipose tissue is usually remarkably sparse, which results in a wasted appearance that is most obvious in children. After 8 years of age, however, the low BMI improves progressively, and at least some adults have developed central obesity [Diaz et al., 2006] .
Growth hormone production and secretion are normal, as are serum concentrations of IGF-1 and IGFBP-3 [Keller et al., 1999; Diaz et al., 2006] . Some children have undergone growth hormone treatment, with mixed results. In as many as 4 persons with BS, growth hormone treatment was associated with the development of cancer. Brock et al. [1991] reported a patient with disseminated B-cell non-Hodgkin lymphoma (NHL) diagnosed 5 months after beginning growth hormone treatment and a second patient with a stem-cell leukemia that was diagnosed 44 months after initiation of growth hormone treatment. Stahnke [1992] reported a girl who developed B-cell NHL after about 2 years of growth hormone treatment, and Renes et al. [2013] reported on a girl with BS who also developed B-cell NHL after almost 10 years of growth treatment. Because persons with BS are prone to developing cancers, especially leukemia and lymphoma, at early ages, it is possible that the association of growth hormone use and cancer is not causal. The theoretical risk of cancer from growth hormone treatment and the appearance of cancer at particularly young ages in treated children have prompted clinicians to consider BS a contraindication for growth hormone therapy [Renes et al., 2013] .
Dermatologic Manifestations
Persons with BS typically have normal skin at birth and during early infancy. As they age, most patients develop a rash that appears initially on the face and which is exacerbated by sun exposure. The facial rash follows a butterfly distribution across the nose and cheeks ( fig. 1 ). The rash is characterized primarily by telangiectasia but may also have the characteristics of poikiloderma [Arora et al., 2014] . Over time, the rash often appears on the dorsum of hands and forearms in children and adults. Although the rash is exacerbated by sun exposure, lymphocytes exposed to UV irradiation in vitro showed a normal response in unscheduled DNA synthesis, as compared to cells of a patient with xeroderma pigmentosum [Evans et al., 1978] .
While telangiectatic erythema is the most common clinical finding, other reported manifestations include cheilitis, fissuring, blistering, alopecia areata, and eyebrow and eyelash hair loss [McGowan et al., 2009; JianBing et al., 2016] . Extensive vesicular and bullous eruptions have been reported in response to excessive sun exposure [Masmoudi et al., 2012] . Additionally, café au lait macules and areas of skin hypopigmentation are common and may be larger and more numerous than typically seen in unaffected individuals.
Individuals with BS have an increased risk to develop skin cancer. Among the 168 patients in the Bloom Syndrome Registry who developed a malignancy, 27 developed skin cancer at a mean age of 31.7 years [Sanz et al., 2016] . The most common skin tumor is basal cell carcinoma, followed by squamous cell carcinoma. No one in the Bloom's Syndrome Registry has had melanoma. Most skin cancers have occurred on the head and neck as well as the arms, in sun-exposed areas, which is similar to the observed pattern in unaffected individuals. These skin cancers are likely to represent an increased susceptibility to UV radiation and other oncogenic stimuli. However, one person had a basal cell carcinoma of the hip, and another had a squamous cell carcinoma at the base of the penis, which suggest a UV-unrelated etiology. The evidence from experimental models is conflicting, with some investigations supporting UV sensitivity and others showing a normal UV response [Ozawa et al., 1995; Kim et al., 2005] . While most skin cancers are not multiple, Draznin et al. [2009] reported multiple basal cell carcinomas of the face and neck occurring in a patient with BS, who subsequently died of progressive T cell lymphoma at age 39 years.
As with other chromosome breakage disorders, individuals with BS can display a variety of ocular manifestations. Early onset of retinal drusen is the most frequent finding, and drusen are typically described as small, hard and nonconfluent [Bhisitikul and Rizen, 2004; Cefle et al., 2007] . Other, more rarely reported ophthalmologic abnormalities include nonproliferative diabetic retinopathy and leukemic retinopathy in a single individual [Bhisitikul and Rizen, 2004] as well as conjunctival telangiectasia and optic nerve hypoplasia [Sahn et al., 1997] . Gibbons et al. [1995] reported a single case of retinoblastoma in a 2-year-old with suspected BS. The clinical diagnosis of BS in this child was supported by a high rate of SCEs observed. At present, the Bloom Syndrome Registry includes one individual who was diagnosed with retinoblastoma at the age of 1 year [Sanz et al., 2016] .
Immunity and Infection
Beginning with some of the first-described patients with BS, investigators have noted a pattern of recurrent infection that has suggested deficient immune function [German, 1969] . These infections are usually upper respiratory and gastrointestinal infections, and no consistent organism or class of organisms has been identified. Although at least one patient has had recurrent bacterial and fungal infections [Etzioni et al., 1989] , most patients with BS have not had bacterial sepsis, meningitis, or pneumonia. No one has had a recurrent abscess or has been infected with an opportunistic organism, as might be seen in persons with a primary immunodeficiency. However, in several families, parents have described their children with BS as having more episodes of otitis media, upper respiratory infection, or gastroenteritis than their unaffected siblings. The frequency of infections, however, does not seem to correlate with the severity of the immunodeficiency [Sanz et al., 2016] .
Through its role in genome surveillance and maintenance of genomic stability, BLM promotes proper development and function of the immune system. Ablation of BLM in the T-cell and B-cell lineages in mice impairs development, maintenance and function of these lineages, supporting the role of BLM in immune integrity [Babbe et al., 2007 [Babbe et al., , 2009 . In humans, most of the information Kerckhove et al., 1988] and impaired T cell proliferation in vitro [Hütteroth et al., 1975; Van Kerckhove et al., 1988] . Impaired T helper cell function has also been identified [Taniguchi et al, 1982] . These observations imply defects in the T cell lineage. Abnormalities of the B-cell lineage have also been reported. The majority of affected individuals have a deficiency in at least one of the serum immunoglobin classes. IgM and IgA levels are most commonly affected, but some reports have also documented low IgG levels [Hütteroth et al., 1975; Weemaes et al., 1979; Taniguchi et al,, 1982; Van Kerckhove et al., 1988; Kondo et al., 1992; Kaneko and Kondo, 2004; Diaz et al., 2006] . Abnormalities of the mitogen-induced B-cell response [Weemaes et al., 1979; Van Kerckhove et al., 1988] and impaired generation of non-IgM-secreting antibodyforming cells in vitro [Etzioni et al., 1989] have also been identified. Taken together, the abnormalities observed in both T cells and B cells point to an impairment of the adaptive immune system as the source of the immune compromise seen in many affected individuals.
Intelligence
The head circumference in people with BS is usually more than 2 SD below the mean at birth and remains low [Keller et al., 1999 ]. An increase in head circumference is often considered a proxy for brain growth and a lack of increase is associated with intellectual disability in at least half of those who have a small head circumference. Although some individuals with BS have had intellectual disability [Masmoudi et al., 2012] , most are described as being of normal intelligence. In fact, many have completed college and obtained advanced degrees. Some have not shown a high level of interest in scholastic pursuits, possibly because they have had difficulty in subjects that require a high level of abstract thought [Sanz et al., 2016] . There has been no systematic study, however, of development and cognition in persons with BS, which limits conclusions that can be made.
Chronic Obstructive Lung Disease
Chronic lung disease is a serious complication of BS and a significant cause of early mortality. As reported in 1997, seven of the 168 individuals in the Bloom's Syndrome Registry have had chronic lung disease, with a mean age at diagnosis of 25 years (range 11-40) [German, 1997] . Of these 7 individuals, 5 subsequently died of pulmonary complications. Nair et al. [2009] reported a 24-year-old male with clinical diagnosis of BS and bronchiectasis, bronchiolitis obliterans, and emphysema. Subsequently, Relhan et al. [2015] reported a case of significant pulmonary involvement in a 7-year-old female with a history of recurrent fever, cough, respiratory distress, and bronchiectatic changes on imaging. She had a diagnosis of BS that was confirmed by a high rate of SCEs. Despite treatment, this child progressed to acute respiratory failure and died secondary to pulmonary complications. Both authors proposed that lung findings were attributable to repeated respiratory infections in childhood, possibly as a consequence of immunodeficiency and recurrent episodes of respiratory disease.
Endocrine Abnormalities
In addition to the growth abnormalities discussed previously, individuals with BS are subject to other endocrine disturbances, particularly abnormalities of carbohydrate metabolism, insulin resistance and susceptibility to type 2 diabetes, dyslipidemia, and compensated hypothyroidism [Diaz et al., 2006] . In a group of 11 individuals with BS (mean age 11 years; range 9 months-28.5 years), Diaz et al. [2006] investigated their glucose tolerance, lipid profile, and thyroid function. They found impaired glucose tolerance in 4 persons, insulin resistance in 6, and unrecognized diabetes in 1. Among persons registered in the Bloom's Syndrome Registry, 16% have developed overt type 2 diabetes, with onset prior to age 20 in over a quarter of them. The reasons for this phenomenon are unclear. It is not related to adiposity, since most persons with BS have a paucity of adipose tissue and low BMI. Their body habitus is similar to people with lipodystrophy, which in at least some persons is the result of abnormalities of leptin secretion.
All 4 adults investigated by Diaz et al. [2006] had elevated concentrations of total cholesterol, LDL, or triglycerides, or had low serum HDL. Each of them also had impaired glucose tolerance or diabetes, so their dyslipidemia was likely related to their underlying abnormality in carbohydrate metabolism. Two of the children studied also had some evidence for dyslipidemia. In 2 of the 11 persons studied, compensated hypothyroidism was identified, with normal T4 levels but elevated TSH. Antithyroglobulin titer was elevated in one of them. Hypothyroidism has been reported in several persons in the Bloom's Syndrome Registry, but it has not been studied systematically in large numbers of affected individuals, and it not clear if thyroid dysfunction is increased relative to the general population.
Reduced Fertility Impaired fertility is a known sequela of BS. Female patients with BS have delayed puberty and early menopause [Masmoudi, 2012] . Masmoudi et al. [2012] reported 2 adult females with a history of delayed puberty and subsequent presentation with elevated follicle-stimulating hormone and early menopause at 29 and 38 years. However, women with successful delivery of healthy offspring have been reported in the Bloom's Syndrome Registry. Additionally, there are 2 well-described cases in the literature [Mulcahy and French, 1981; Chisholm, 2001] . In both cases, labor occurred prematurely, and infants were reported to be small for gestational age. Male patients with BS commonly have cryptorchidism or testicular atrophy [Gretzula, 1987] . Among the initial 27 individuals with BS reported in 1969, four were noted to have undescended testes [German, 1969] . Kauli et al. [1977] evaluated gonadal function in males with BS and hypogonadism with small testicular size for age. They reported elevated levels of follicle-stimulating hormone and luteinizing hormone at baseline and following gonadotropin releasing hormone stimulation, indicating primary hypogonadism. Adolescent males with BS do have normal progression of pubertal development. However, male patients are invariably infertile and have been found to have azoospermia or severe oligospermia.
Cancer
Cancer is the most frequent and serious medical complication seen in individuals with BS and is the most common cause of death. In contrast to many cancer predisposition syndromes that confer a risk for one or a small group of cancers, a wide variety of cancer types and anatomic locations have been reported in people with BS ( table 1 ). The distribution of cancers is similar to the general population, but they occur at younger ages, and a single person may experience multiple cancers.
Leukemia and lymphoma are the most frequently occurring cancer type in persons with BS. The mean age at diagnosis for acute myelocytic leukemia (AML) was age 18 years (range 2-47) and for acute lymphocytic leukemia (ALL), it was age 20 years (range 5-40). AML occurred about twice as commonly as ALL. Although AML and ALL both occurred as primary and second malignancies, the excess of AML appears to be related to its occurrence after chemotherapy for a previous primary tumor, and when this occurred, the diagnosis of AML was usually preceded by a diagnosis of myelodysplastic syndrome. The mean age at diagnosis for lymphoma was at 22 years (range 4-49), and the types of lymphomas have included B-cell (including Burkitt lymphoma) and T-cell but not Hodgkin lymphoma. In about 75% of the cases, lymphoma was the first tumor to occur, and it was a second malignancy in about 25%.
Among solid tumors, digestive tract cancers are the most common, particularly adenocarcinoma of the upper and lower intestinal tract. Squamous cell carcinomas of the head and neck have also been diagnosed frequently, especially at the base of the tongue, epiglottis and esophagus. In addition to common malignancies, persons with BS also have an excess of rare cancers, particularly Wilms tumor, which has been diagnosed in 8 individuals at a mean age of 3 years. All classes of solid tumors have a mean age at diagnosis in people with BS that is considerably earlier than the same tumors in persons from the general population.
Structure and Function of the BLM Gene
BLM is the only gene known to cause the BS phenotype. BLM was localized to chromosome 15 by SCE complementation experiments using chromosome transfer from somatic cell hybrids into the SV40-transformed BS cell line GM08505 [McDaniel and Schultz, 1992] . The . At the same time as providing confirmation of the localization of the gene, the linkage disequilibrium strongly supported a hypothesis in which a mutation in a single founder individual was inherited identical by descent from a recent common ancestor in the Ashkenazi Jewish population. Recombination events within the BLM gene were discovered that provided the most precise localization possible [Ellis et al., 1995a] . The path to the discovery of these unusual and presumably extremely rare recombination events traveled through an obscure phenomenon referred to as high-SCE/low-SCE mosaicism. All persons with BS exhibit the pathognomonic elevation of SCEs, but in ∼ 20% of persons, there is a minor population of lymphocytes present in venous blood that exhibit a normal level of SCEs [German et al., 1977b] . Low-SCE lymphoblastoid cell lines could be established, and, when they were fused with high-SCE cell lines by somatic cell hybridization, the resulting hybrids exhibited low SCE levels, indicating that a product, most likely a diffusible protein, expressed by the low-SCE cells that could correct the defect of the high-SCE cells provided in trans [Weksberg et al., 1988] . The majority of the high-SCE/low-SCE mosaicism occurs in persons who are allozygous at BLM -i.e., when the parents of the person with BS do not know themselves to be related, then BLM most likely contains mutations at different sites in the gene [German et al., 1996] . Conversely, the high-SCE/low-SCE mosaicism very rarely occurs in persons who are autozygous at BLM -i.e., when the parents of the person with BS are related as cousins or are Ashkenazi Jewish, then the BLM gene is homozygous, having been inherited identical by descent from a recent common ancestor. This observation led to a hypothesis that in a somatic cell precursor a low-SCE cell could be produced by a recombination event between the homologous chromosomes 15 in the region between the 2 different mutated sites ( fig. 2 ). This somatic intragenic recombination event would generate a functionally normal BLM gene, and the progeny of the cell in which the event occurred would exhibit low-SCEs. The hypothesis led to the prediction that, assuming the exchange event effectively occurred at the 4-strand stage, in half of the chromosome segregation events at mitosis a recombinant chromatid would segregate with a non-chromatid, resulting in reduction of homozygosity distal to the BLM gene. Proximal to BLM , heterozygous marker loci should remain heterozygous. The prediction was confirmed through the analysis of 11 persons with BS with available matching biological materials representing the high-SCE and low-SCE cells from that person. In 5 of the 11 persons who exhibited the high-SCE/low-SCE mosaicism, markers distal to BLM on chromosome 15 were homozygous in the low-SCE cells but heterozygous in the high-SCE cells. Markers proximal to BLM remained heterozygous. In the remaining 6 persons, there was no apparent change in genetic markers proximal or distal to BLM . The identification of somatic intragenic recombination events allowed precise localization of BLM and the identification of the gene shortly afterward. It also identified a novel mechanism by which the gene could be corrected in vivo by a recombination event. The likelihood of this recombination event is probably higher in a person with BS due to the increased levels of homologous recombination occurring in BS cells. Yet, there are a number of unanswered questions surrounding this unusual phenomenon. For example, can it occur in other cells beside lymphocytes? At what stage does the recombination event occur? Is it restricted to a particular hematopoietic precursor cells or can it occur at any developmental stage? Can the correction of the BS phenotype in some cells of the body have a salutary effect on other cells? Can the overall phenotype be ameliorated by the mosaicism? Is the susceptibility to cancer for mosaic persons different from that in non-mosaic persons? These questions are relevant to persons with BS because a procedure that would correct the BLM gene in vivo might provide a clinical benefit, including a reduction in the cancer risk.
Cell lines with protein-truncating mutations of BLM contain neither detectable BLM protein by Western blot analysis nor BLM protein in the nucleus detectable by immunofluorescence . Various expression constructs containing the full-length BLM cDNA were experimentally introduced into these cell lines by transfection, and clones were selected based on plasmid-borne selectable markers. Clones receiving BLM expression vectors reinstated BLM protein as evidenced by Western blot analysis, and by immunofluorescence, the BLM was expressed in its characteristic focal pattern in the nucleus. The levels of SCEs in cell transfected with BLM expression vectors were reduced toward or to normal in comparison to the high-SCE phenotype present in untrans-fected parental cells and control plasmid-transfected cells. Indeed, the levels of SCE correction observed were correlated with the steady-state levels of ectopically expressed BLM protein in each cell line, with higher expression of BLM associated with lower SCE levels. These experiments definitively proved that the candidate gene we have referred to as BLM is the gene that when mutated is responsible for BS.
Founder Effect, Founder BLM Mutations, and BLM Heterozygotes German et al. [2007] identified multiple recurring mutations of BLM . Among the 64 mutations identified, 19 were recurrent and 45 were identified in a single person. BS is more common in the Ashkenazi Jewish population compared to all other populations studied, with ∼ 1 in every 48,000 persons born to Ashkenazi Jewish parents [German et al., 1977a] . The mutation present in the Ashkenazi Jewish population is the most common of the BLM mutations. Of the 28 persons with BS studied, both of whose parents were Ashkenazi Jewish, 26 of them were homozygous for the characteristic mutation designated as blm Ash ]. Including BS persons who had one Ashkenazi Jewish parent, a total of 58/60 (97%) mutant chromosomes studied in the Ashkenazi Jewish population carried the blm Ash mutation. Two chromosomes carried a different mutation, also recurring, BLM c.2407-2408dupT, causing a frameshift starting at Trp803. The carrier frequency of blm Ash has been estimated in a large number of studies, and the average is 1 in 110 persons [Li et al., 1998; Roa et al., 1999; Gruber et al., 2002] ; however, the frequency varies within the Ashkenazi Jewish population as a function of geographic origin, as Jews from Poland have a carrier frequency as high as 1 in 45 persons [Sharhabani-Gargir et al., 1998; Risch et al., 2003] . More surprising, however, was the discovery of blm Ash in Spanish-speaking Christian families from the southwestern United States, Mexico, or El Salvador. Since it is unlikely that this characteristic mutation had occurred independently at 2 different times in human history, the most likely explanation is that the blm Ash mutation originated in a Jewish person who lived many generations ago and whose progeny contributed to the establishment of the 2 major European Jewish populations, namely the Ashkenazi Jews, who populated Germany, Poland, and other Eastern European countries, and Sephardi Jews, who populated Spain. To our knowledge, blm Ash is not frequent in Sephardi Jews; however, during the expulsion of Jews from Spain in 1492, a blm Ash carrier very likely migrated from Spain to New Spain.
While founder mutations are expected in Ashkenazi Jews due to the increased frequency of BS in this population, the presence of recurrent mutations in BLM is in no way unique to this population. The next most frequent mutation in BS is c.1933C>T (p.Gln645*). This mutation was found in Europeans and European Americans with BS and was present in 24 of the 242 BS chromosomes characterized. A large deletion of exons 20-22 was characteristic among persons with BS from Portugal or Brazil, Gln700 * was found among BS Italians or Americans with Italian ancestry, and Ser186 * as well as Asn515fs account for most Japanese BS chromosomes. The mutation Gln548 * is more frequent in Slavic populations with a carrier frequency of 0.1% [Sokolenko et al., 2012; Prokofyeva et al., 2013] .
Recent studies have suggested that heterozygotes for a BLM pathogenic variant, while otherwise healthy, are at increased risk to develop cancer. Heterozygotes for genes important in the maintenance of genomic integrity could exhibit an increased cancer risk due to reduced efficiency of DNA repair in heterozygous cells [Goss et al., 2002] or due to loss of the normal allele to create a somatic clone with a greatly elevated mutation rate. This hypothesis was directly tested by comparing the frequency of blm Ash in Ashkenazi Jews with cancer with the frequency in controls. This strategy was effective because a single mutation accounts for most of the mutant BLM alleles in this population. In the first report, colorectal cancer cases and controls were compared from 2 population samples, namely, from New York and Israeli Ashkenazi Jews; the frequency of blm Ash in colorectal cancer cases was 1/54 whereas the frequency in controls was 1/118 [Gruber et al., 2002] . The odds ratio (OR) was 2.34. There were 1,244 colorectal cancer cases and 10,099 controls in the study, and the p value of the comparison was 0.0002. A second somewhat smaller study found no appreciable increase of blm Ash in colorectal cancer compared to controls, although they did report a nonsignificant increase frequency of blm Ash in adenomas [Cleary et al., 2003] . Other reports have been similarly inconclusive [Zauber et al., 2005; Baris et al., 2007; Laitman et al., 2016] . The Slavic BLM founder mutation (Gln548*) was more common in persons with a first-degree family history of breast cancer [Sokolenko et al., 2012] , and the same mutation was associated with an increased risk of breast cancer in a case control study [Prokofyeva et al., 2013] . Subsequent studies did not find a positive association between this mutation and prostate cancer nor with ovarian cancer [Antczak et al., 2013; Bogdanova et al., 2015] . An increased risk for prostate cancer was found in Chinese men with a BLM haplotype block [Wang et al., 2015] . Mono-allelic loss-of-function BLM mutations were also found at a higher frequency than expected in an Australian highrisk breast cancer cohort [Thompson et al., 2012] and in an early-onset colorectal cancer cohort from the Netherlands [de Voer et al., 2015] . One of the challenges in this kind of work is the low power of the studies reported so far and the uncertainty of the risks associated with heterozygosity for BLM mutation. Cleary et al. [2003] noted 'To rule out an OR of 1.3 (the lower 95% CI of the Gruber's OR estimate) with 80% power (assuming α = 0.05), a staggering 25,737 cases and 25,737 controls would have been required for analysis.' Secondly, it is unclear whether the BLM mutation is acting alone; other mutations could potentiate BLM 's risk-causing effects or vice versa. Certain combinations of alleles might confer a level of risk that is clinically actionable. Thirdly, while the frequency of heterozygotes is rare overall (in the ExAc database, protein-terminating mutations of BLM are present in 9 per 10,000 chromosomes), the frequency of heterozygotes reaches polymorphic frequencies (>1%) in some populations. Thus, these alleles could contribute meaningfully to the overall burden of genetic risk in some populations, such as Ashkenazi Jews.
Biochemistry and Molecular Functions of the BLM Helicase
BLM is a DNA helicase with functions that are facilitated by unwinding DNA, an activity that utilizes the energy from ATP hydrolysis to move along single-stranded DNA (ssDNA) and to break the hydrogen bonds that hold the 2 DNA strands together. DNA helicases are involved in all transactions with DNA that require the BLM has several discernably different functions in maintenance of genomic integrity ( fig. 3 ): (i) It is required for fork stability during unperturbed DNA replication; (ii) it stabilizes forks challenged by DNA damage or other agents that cause polymerase stalling and assists in replication restart; (iii) it assists in the resection of the DNA duplex to create a ssDNA substrate for RAD51 recombinase loading; (iv) it can regulate the accumulations of nucleoprotein filaments consisting of ssDNA-binding protein RPA or RAD51; (v) it can move a Holliday Junction (HJ); (vi) it can dissolve double HJs without creating a crossover product; (vii) it is thought to function in the synthesis-dependent strand annealing pathway, which is a mechanism to repair DSBs without creating crossover products, possibly by dissociating the nascently replicated DNA from recipient strand from the template donor DNA; (viii) it functions to disentangle underreplicated DNA strands during metaphase, and it may be important for replication termination in some regions of the genome; (ix) it has specialized roles in handling unusual DNA structures, such as G-quadruplex (G4) DNA, which is a highly stable planar structure formed by stacks of 4 guanines in Hoogsteen base pairing, (x) and it has roles in maintaining genome stability in important DNA regions, including the rRNA genes and at telomeres. There may be other functions yet to be discerned.
BLM is composed of several protein domains that mediate its various functions ( fig. 4 ) . BLM is a component of multisubunit complexes that function in the various sub- BLM's heroic fight against topological disaster and genome chaos. A BLM is recruited to stalled replications to stabilize the structure, regulate the accumulations of ssDNA-binding protein RPA and RAD51 recombinase to prevent premature or illegitimate engagement of homologous recombination, and to assist in replication restart. B BLM is active in the resection of dsDNA to create ssDNA for loading of RAD51 recombinase. C BLM in conjunction with topoisomerase IIIα will disentangle DNA molecules with 2 closely apposed double HJs, sliding the 2 HJs together and dissolving them without creating crossover products. D BLM is active in a DSB repair pathway referred to as synthesis-dependent strand annealing, in which an intact donor DNA molecule allows extension of the recipient DNA molecule past the break site. BLM may dissociate the extended DNA molecule from the donor template whereupon it may anneal with DNA from the other broken end. E BLM disentangles topological constrained molecules; such as might be found at approaching replication forks and underreplicated regions where the approaching forks failed to successfully terminate DNA replication. F BLM can unwind stable ssDNA structures that interfere with DNA replication, such as G4. DNA that forms these structures is broadly distributed around the genome -in the promoter regions of many genes, at telomere, in the rDNA.
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Mol Syndromol 2017;8:4-23 DOI: 10.1159/000452082 14 strate and situations summarized in figure 3 . BLM forms a complex with topoisomerase IIIα [Johnson et al., 2000; Hu et al., 2001; Wu and Hickson, 2002, 2003 ], RMI1, RMI2, and ssDNA-binding protein RPA [Meetei et al., 2003; Yin et al., 2005] ; other components that can participate in this BLM-topoisomerase core include proteins in the Fanconi anemia core complex and the mismatch repair protein MLH1. There are in addition more tran- sient protein-protein interactions with other proteins involved in functions related to DNA replication, recombination, and repair, including proteins catalyzing posttranslational modifications such as phosphorylation by ATR and ATM [Beamish et al., 2002; Davies et al., 2004; Rao et al., 2005] and sumoylation (UBC9 and SUMO E3 ligases), DNA damage response protein p53 [Wang et al., 2001] , homologous recombination protein RAD51 [Wu The functional domains depicted in the diagram are (from left to right) the topoisomerase IIIα-binding region (marked Top, blue block), the ssDNA strand-annealing and strand exchange domain (green block), the DNA helicase domain (yellow block), the RecQ C-terminal domain (RQC, red block) containing the Zn 2+ -binding motif (Zn, orange block) and winged helix (WH, fuchsia block), the helicase and ribonuclease D C-terminal (HRDC) domain (purple block), and the nuclear localization signal (NLS, blue block). The grey block indicates the region required for the DNA unwinding activity which contains the DNA helicase and RQC domains. Also represented in the diagram are the sites for phosphorylation by ATR and ATR protein kinases Thr99 and Thr122, the SUMO-interaction motif (SIM) which binds the small ubiquitin-related modifiers SUMO-1 and SUMO-2 as well as the SUMO-acceptor sites (depicted by the callout buttons), and the major sites being the lysines at amino acid residues 317 and 331. B A blow-up of the region containing the DNA unwinding activity, depicting the highly conserved amino acids residues that are mutated in persons with BS -missense mutations that constitute catalytic nulls. C Representation of the proteinfolding structure of BLM 640-1298 in complex with ADP and a DNA duplex with a 3 ′ -overhang. The structure is rotated 90° around the vertical axis and the colors are different from the above-mentioned colors ( A ). The helicase domain is blue, the Zn 2+ -binding motif is green and yellow, the winged-helix (WH) domain is orange, with the β-hairpin that forms the DNA scalpel in pink, and the HRDC domain is red. The ADP is shown in stick form and the phosphate backbone of the DNA with bases is dark grey. [Hu et al., 2001] . As predicted by its homology to RecQ helicases, BLM hydrolyzes ATP to unwind DNA moving on ssDNA in a 3 ′ to 5 ′ direction [Karow et al., 1997] . While BLM has activity in unwinding a simple dsDNA template with a 3 ′ ssDNA tail, its preferred substrate includes molecules that simulate DNA replication and recombination intermediates, including replication forks, HJs, displacement loops, and G4 DNA [Sun et al., 1998; van Brabant et al., 2000; Mohaghegh et al., 2001; Bachrati et al., 2006; Popuri et al., 2008; Larsen and Hickson, 2013; Croteau et al., 2014] . Sequences that can form G4 DNA in vitro are found throughout the genome, including promoter regions, telomeres, and in the rDNA loci [Maizels and Gray, 2013] ; mounting evidence indicates that G4 DNAs are biologically relevant structures [Rhodes and Lipps, 2015] and BLM's activity on them could be important for its function in the maintenance of genomic integrity [Johnson et al., 2010; Nguyen et al., 2014; Drosopoulos et al., 2015] .
The helicase domain is not sufficient for BLM helicase activity. The associated RQC domain is also required (fig.  4) [Kitano, 2014] . Thus, the helicase and RQC domains form the catalytic core of the BLM helicase. The helicase domain is the most highly conserved component among the RecQ helicase family, is characteristic of the SF2 superfamily of helicases, and supplies a driving force for the helicase reaction [Swan et al., 2014] . The RQC is composed of a Zn 2+ -binding motif and a winged-helix domain that together act as a dsDNA-binding site. A β-hairpin located in the winged-helix domain acts as a scalpel that inserts into the dsDNA and causes duplex separation [Kitano et al., 2010; Kim et al., 2013] . C-terminal of the RQC is the helicase and ribonuclease D C-terminal (HRDC) domain, identified again by protein homologies. The HRDC domain is present in a subset of RecQ helicases. The HRDC domain does not directly bind to DNA [Kitano et al., 2007; Sato et al., 2010] , but it may help couple the ATPase and helicase activities [Swan et al., 2014] . It is required for dissolution of double HJs .
Reintroduction of constructs that expressed mutated forms of BLM can be used to test the function of proteins with amino acid substitutions (missense mutations) that are sometimes detected in sequence analysis of persons with BS. Cells that contain missense mutations of BLM usually express BLM protein by Western blot analysis, and the protein is localized to the nucleus as determined by immunofluorescence [Sanz et al., 2000a] , indicating that the mutant protein is expressed. For example, Gln672Arg and Cys1055Ser are missense mutations identified in persons with BS that occur at highly conserved amino acid residues. The mutant protein Gln672Arg has some residual ATPase activity but is inactive as a DNA unwinding protein [Neff et al., 1999] . The mutant protein Cys1055Ser has neither ATPase activity nor DNA unwinding activity. Thus, these missense mutations of BLM produce catalytically inactive BLM protein. In vivo, whereas the level of SCEs in BS cells that express the normal BLM protein are corrected towards normal, the levels of SCEs in cells that expressed the mutant BLM proteins were as high as BS parental cells. These experiments demonstrated that the helicase activity of BLM is necessary for the maintenance of genomic integrity in normal cells.
In addition to their DNA unwinding activity, RecQ proteins catalyze ssDNA annealing [Wu, 2012] . In BLM, the N-terminus part of the protein has been shown to present annealing activity [Cheok et al., 2005; Machwe et al., 2005; Chen and Brill, 2010] . The combination of unwinding and annealing activities catalyzes strand exchange, which might be required to promote either branch migration of HJs or the regression of stalled replication forks.
No BS-causing missense mutations of BLM have been identified outside the helicase and RQC domains. Based on the available evidence, we believe that mutation of the topoisomerase IIIα-interacting region, the strand-annealing domain, and the HRDC domain could occur, and when combined with BLM premature protein termination, mutations could be associated with a Bloom-like phenotype that is not as severe as BS itself.
Regulation of the Subnuclear Localization of the BLM Protein
BLM is an abundant protein localized to the nucleus in rapidly dividing cells, such as cancer cell line models (e.g., in HeLa cells, there are 50,000 BLM molecules per cell). On the other hand, the BLM protein is not expressed in quiescent or nondividing cells, such as serum-deprived human fibroblasts or unstimulated lymphocytes [Kawabe et al., 2000] . In human tissues, immunohistochemistry studies have documented that BLM is expressed in the parts of tissues where dividing cells are found, and the levels of BLM-positive cells in normal tissues closely follows the staining that can be seen with cell proliferation markers such as Ki67 [Turley et al., 2001] . Tumor tissues also frequently express BLM protein, and the levels of staining with BLM and Ki67 are highly correlated.
BLM is cell-cycle regulated. Steady-state levels of BLM are highest in late S and G2 phases of the cell cycle and lowest in early G1 phase [Dutertre et al., 2000; Sanz et al., 2000b] . In unperturbed, asynchronous populations of cells, BLM localization is very heterogenous. In nearly all cells, BLM is focally concentrated in a subnuclear organelle referred to as the PML nuclear bodies. The PML nuclear bodies [Zhong et al., 1999] are spheroid particles 0.2-1 μm in diameter, and they range in number depending on the cell line from a few up to about 20 particles. The average number of bodies over a range of cell lines is about 10 bodies per cell. BLM can also be found in 'clouds' and 'microspeckles' throughout the nucleoplasm. In cell synchronization studies, these diffuse accretions of BLM become apparent in late G1 and early S phase; their brilliance and abundance grows over S and peaks in late S and G2. In about one-third of cells, BLM localizes to the nucleolus, arranged in a large number of irregularly shaped, closely associated blobs. BLM function in the nucleolus is important for rDNA transcription [Grierson et al., 2012] and interaction between BLM, and topoisomerase I is critical to this function [Grierson et al., 2013] . In cells treated with agents that damage DNA, particularly agents that affect the progression of replication forks, BLM concentrates focally to stalled or damaged replication forks. The localization of BLM to stalled replication forks [Bischof et al., 2001] has been demonstrated by colocalization with the proliferating cell nuclear antigen by immunofluorescence, and more recently it has demonstrated by precipitation of the replication fork in the isolation of protein on nascent DNA assay [Sirbu et al., 2011; Lopez-Contreras et al., 2013] . This same assay also confirmed previous immunofluorescence evidence that BLM associates to a lesser degree with unperturbed replication forks. This association might account for the clouds and microspeckles that are observed in a sizable fraction of cells in untreated cell populations. Finally, there are also brightly staining cells, probably cells in late S or G2, in which the BLM protein is present throughout the entire nucleus. As cells approach metaphase and as the chromosomes condense, BLM is excluded from the chromatin. This phenomenon is seen as deep blue regions of chromatin stained by DAPI marking clearings of the BLM protein. In metaphase, BLM is excluded from the chromatin, and it is distributed diffusely in the cytoplasm.
Over time, molecular explanations for the phenomenology of BLM's localization in the nucleus have been developed and tested. The PML nuclear bodies are highly dynamic structures in which the proteins that interact with them exchange rapidly between the nuclear bodies and the nucleoplasm [Duprez et al., 1999; LallemandBreitenbach and de Thé, 2010 ] . The PML protein was identified at the translocation breakpoint between chromosomes 15 and 17 in acute promyelocytic leukemia, with the RXR receptor on chromosome 15. It is a major structural protein of the nuclear bodies, as knock down of PML in normal cells results in dissociation of the proteins that normally localize to the PML nuclear bodies; these proteins adopt a diffuse pattern of localization in the absence of PML. In acute promyelocytic leukemia cells, the fusion protein formed by PML and the RXR receptor localizes in diffuse microspeckles around the nucleus. These microspeckles localize to transcriptionbinding sites of the RXR protein. Consequently, the regulation of PML is a key to understanding how PML nuclear bodies function.
In a yeast 2-hybrid screening using PML as bait, proteins in the small ubiquitin-related modifier (SUMO) pathway were identified (SUMO-1, SUMO-2, and UBC9). At the time this discovery was made, relatively little was known about the SUMO pathway. SUMOs are small 95-101 amino acid peptides that comprise a post-translational modification system that is similar to ubiquitin. There are single SUMO-activating and conjugating enzymes, the heterodimeric AOS1-UBA2 and UBC9, respectively. The AOS1-UBA2 E1 enzyme charges the E2 SUMO conjugating enzyme UBC9 and then SUMOs are attached to substrate proteins through epsilon amino groups of lysine in the context of specific E3 ligases. The general role of SUMOs is to alter the binding partners of the substrate protein. This is achieved through the affinity of SUMO for SUMO-binding sites on other proteins with which the substrate protein interacts. PML contains 3 lysines that can be SUMO modified, and it also contains a SUMObinding site. Consequently, SUMO-modified PML can interact with other PML molecules to generate a network of interacting molecules that presumably forms the large subnuclear organelle. The particle so formed contains a large number of free SUMO moieties at its periphery to which proteins that contain SUMO-binding sites can adhere, and conversely, the particle contains a large number of SUMO-binding sites to which proteins that are sumoylated can adhere [Matunis et al., 2006] .
Coincidentally, a yeast 2-hybrid screen with the N-terminal portion of BLM (amino acids 1-431) conducted at about the same time as the PML yeast 2-hybrid screen also identified proteins in the SUMO pathway [Zhong et al., 1999; Eladad et al., 2005] . The steady-state levels of sumoylated BLM are quite low (<5% of the total protein pool) and hard to detect by Western blot analysis even with enrichment by immunoprecipitation or other pulldown methods. BLM can be sumoylated fairly robustly in vitro; however, the specificity of the in vitro modification reaction is questionable because virtually all the lysines in the N-terminal 431 amino acids of BLM can be sumoylated, and mutation of each lysine individually does not significantly alter the pattern of sumoylated BLM moieties by SDS-polyacrylamide gel electrophoresis analysis. That said, there is one lysine residue in the N-terminus of BLM -the lysine at residue 331 -at which an in vitro sumoylated product can be identified by mass spectrometry analysis. Moreover, through a process of mutating all the lysines to arginine, which does not accept SUMO, and then mutating each arginine back to lysine individually, additional SUMO-acceptor sites were identified, including the aforementioned K331, K317, K344, and K347.
BLM also contains a SUMO-binding site [Zhu et al., 2008] . BLM sumoylation and SUMO binding are interrelated because mutation of the SUMO-binding site prevents sumoylation of BLM in vitro. When a GFP-tagged BLM that contains a mutated SUMO-binding site is expressed in normal human cells, the mutant BLM is unable to localize to the PML nuclear bodies. In contrast, expression of a GFP-tagged BLM with mutated SUMO acceptor sites can still localize to PML nuclear bodies, although there is some reduction in the efficiency of that localization [Eladad et al., 2005; Ouyang et al., 2009 Ouyang et al., , 2013 . These experiments showed that SUMO binding but not sumoylation is required for PML nuclear body localization. SCEs in cells that stably express a BLM that contains a deletion of the SUMO-binding region are intermediate, whereas the deleted BLM protein has normal DNA helicase activity. These data are consistent with a hypothesis in which the regulation of BLM's localization to the PML nuclear bodies is important for its full function in the maintenance of genomic integrity. The PML nuclear bodies are thought to regulate the availability of proteins in the nucleoplasm [Duprez et al., 1999; Lallemand-Breitenbach and de Thé, 2010] ; failure of BLM to accumulate normally in the PML nuclear bodies results in lower or less efficient availability of BLM at sites of DNA damage where BLM is called into play, indicating that the PML-bound BLM is more available than chromatin-bound BLM.
Cells treated with hydroxyurea (HU) accumulate stalled replication forks, and BLM accumulates at stalled replication forks, as noted above. HU inhibits ribonucleotide reductase, which causes exhaustion of the intracellular nucleotide pool and polymerase stalling on the DNA template. HU treatment of normal cells causes a 2-fold increase in SCEs, very likely because recombination proteins accumulate at stalled forks to stabilize the fork and to effect DNA repair. An important role for sumoylation in the regulation of BLM's function at stalled replication forks was uncovered through the analysis of BLM proteins that contain mutations at the major SUMO sites (K317 and K331). When K317 and K331 are mutated to arginine, BLM is no longer sumoylated. This unsumoylatable form of BLM can still be recruited to stalled replication forks, but it is dysregulated once there. The normal accumulations of other repair proteins are disturbed, with an excess of ssDNA-binding protein and a striking deficiency in the recruitment or retention of the RAD51 recombinase, a key enzyme in the homologous recombination pathway. Cells that express the unsumoyatable BLM accumulate excess DSBs, pointing to a defect in DSB repair. SCE frequencies are normal in untreated cells; but in HU-treated cells, SCE frequencies fail to increase, indicating that homologous recombination repair is defective in the presence of unsumoyatable BLM. Finally, it was shown that RAD51 contains a SUMO-binding site, suggesting that sumoylation of BLM [Ouyang et al., 2009 ] and other proteins [Dou et al., 2010] at stalled forks helps recruit RAD51 to sites of damage through its SUMO-binding site.
There remain many unknowns in the mechanism by which SUMO modification regulates BLM function at stalled forks: (i) the E3 ligase or ligases that are responsible for BLM sumoylation are not known; (ii) of the proteins that are recruited to stalled forks, a complete list of sumolyated and SUMO-binding factors is not known; (iii) because many proteins become sumoylated in response to replication fork damage, the spatial-temporal hierarchy (and it is likely there is one) of sumoylation and SUMO-binding events amongst these various proteins remains undetermined; (iv) the role of each of these events in the response to replication fork stalling is unknown, and (v) the mechanisms by which sumoylated proteins dissociate from the fork or become de-sumoylated are still understudied.
Animal Models for Bloom's Syndrome
There are loss-of-function mutations in BLM orthologs in Caenorhabditis elegans [ high-incidence of males 6 (him-6) in nematode], Drosophila melanogaster [ mutagen sensitive 309 (mus309) in fruit fly], Danio rerio (zebrafish, no phenotype data available), Mus musculus ( Blm in the house mouse). The phenotypes in nematode include increased nondisjunction, which generates more XO males (hence the name), low brood size, shortened life span, increased germ line apoptosis, sensitivity of gamma-radiation but not UV, a partial defect in the S-phase checkpoint, and increased spontaneous mutation [Wicky et al., 2004; Grabowski et al., 2005] . Meiotic recombination is reduced. Fruit flies mutant for blm also exhibit increased chromosome nondisjunction and/or chromosome loss resulting in male subfertility and female infertility [Kusano et al., 2001] . Eggs laid by mutant females examined during syncytial division contained many anaphase bridges, asynchronous mitoses, and gaps in the monolayer of nuclei [Adams et al., 2003; McVey et al., 2007] . These defects caused decrease hatch rates, developmental delay, and failure to gastrulate, consistent with a lethal maternal effect, since blm mutant embryos laid by heterozygous flies are viable. The main DSB repair pathway in flies is operated by synthesis-dependent strand annealing, and fly mus309 is required for this pathway. Thus, mus309 is hypersensitive to gamma-irradiation, has decreased ability to repair double-strand gaps, and exhibits an increase in mitotic crossing over, but meiotic crossing over is reduced. The advantage of non-mammalian animal models is the speed of breeding and propagation and genetic systems available to dissect in vivo different functions of the protein in the context of overall animal development. A limitation of their use is the biological differences inherent in the systems. Cells from persons with BS are not hypersensitive to gamma-irradiation, probably because nonhomologous end joining is the main DSB pathway in humans, and this pathway is not affected by mutation of BLM . Nor do BS cells exhibit excess nondisjunction, at least at the level displayed by nematode and fruit fly models; however, the seeds of these defects are present in mammalian BLM mutants, as evidenced by increased anaphase bridges and lagging chromosome, increased ultrafine DNA anaphase bridges, increased chromatin bridges in the midbody post-telophase, and excess 53BP1 foci in G1 cells [Chan et al., 2007 [Chan et al., , 2009 . It is thought these defects arise due to either inability to complete DNA replication in some regions of the genome or incomplete recombination events during S or G2 phases, or both.
Loss-of-function mutation in Blm in Mus is embryonic lethal [Chester et al., 1998; Goss et al., 2002] littermates [Chester et al., 1998 ]. At 12.5-13.5 days post coitum (dpc), there is a defect in the hematopoietic compartment that is associated with embryonic death. Mutant embryos are severely anemic and exhibit low blood volume; besides being low in number, red cells at 12.5 dpc contain >5-fold excess in micronuclei. Increased apoptosis is evident throughout the embryo during organogenesis, from days 6.5 to 8 dpc. Mouse embryonic fibroblasts isolated from mutant mice exhibit the characteristic high-SCE phenotype associated with BS and the cultures proliferate more slowly than embryonic fibroblasts isolated from Blm +/-littermates. Mice heterozygous for loss-of-function mutation in Blm are cancer enabled, by which we mean that there is an increased predisposition to cancer in the context of cancer inductions [Goss et al., 2002] . For example, in comparison to Blm +/+ , the Blm +/-mice develop more metastatic T cell lymphomas when challenged with murine leukemia virus and more intestinal tumors when heterozygous for Apc Min mutation. The colonic tumors were analyzed for wild-type Blm expression and the non-mutant allele is present and functional, suggesting that the enhanced tumor formation is due to haploinsufficiency. Blm heterozygous mice exhibited increased genomic instability as evidenced by a 2-fold increase in micronuclei formation, although SCEs levels were normal. The implication of these results is that in mouse at least there is a subtle effect of a single dose of Blm on the maintenance of genomic integrity, the consequences of which become apparent when tumor initiation is induced. These data provide biological support for the genetic epidemiologic studies that were touched upon above in which human BLM heterozygotes have a moderate increase in cancer susceptibility.
The hypomorphic Blm mutation mouse has also been studied [Luo et al., 2000; Tereshchenko et al., 2010] . The mutation was initially described as a null [Luo et al., 2000] , but this characterization has been disputed [McDaniel et al., 2003] . A Blm mutation was made that con-tains 4 copies of mouse exon 3. The effect of this mutation is severe, as very little Blm protein is made but apparently enough protein to survive the period of embryonic lethality of the null. Since inclusion of more than one copy of exon 3 into the mature transcript creates a frameshift, the normal protein must arise from aberrant splicing in which the extra exon 3s are skipped. The phenotypes of homozygosity for this hypomorphic allele bear some relationship to BS. Mice are born at term and are small in size. SCEs are elevated in mouse embryonic fibroblasts and lymphocytes. The mice develop increased numbers of spontaneously forming cancers, including lymphomas, sarcoma, and carcinomas. Levels of mitotic recombination are increased as evidenced by gene targeting and analysis of LOH using an Hprt cassette inserted into the Gdf9 locus in mouse chromosome 11. Tumors arising in the heterozygotes for Apc Min exhibit increased LOH at the Apc locus in intestinal tumors, indicating that the increased tumor formation is at least in part driven by increased homologous recombination. The hypomorphic Blm mouse provides a useful general preclinical model for BS in the context of tumor formation in adult mice. For example, if cancer prevention agents became available that might have efficacy in preventing cancer development in BS, this mouse model could be used to test that efficacy.
Management and Treatment
Because BS is rare, there are no evidence-based guidelines for management. Knowledge of its associated medical problems, however, provides a rational basis for surveillance and treatment. Although people with BS may have many medical and health issues, the major concerns continue to be skin abnormalities, problems of growth and nutrition, endocrinological abnormalities, and the risk for malignancies.
In most circumstances, the skin abnormalities can be well controlled with standard treatments. Café au lait spots or areas of hypopigmentation are rarely disfiguring and do not generally require medical attention. The telangiectatic rash is usually exacerbated by sun exposure and is improved by sun protection. Seeking shade is appropriate, especially during the times of day when the sun's rays are strongest (10 a.m.-2 p.m.). Barriers such as clothing and hats will be useful, as will sunscreens that provide UV protection. Although there is variability among dermatologists regarding proper sunscreen selection and use, the recommendation of the American Academy of Dermatology is that one use a broad-spectrum sunscreen (one that protects from both UVA and UVB rays), that the sun protection factor be 30 or higher, that sunscreen liberally coat the exposed areas and that it be reapplied about every 2 hours, or after swimming or sweating. Because skin cancer has been seen in persons with BS in nonexposed areas, it is also important to monitor any skin abnormalities that appear, regardless of their location. If there are areas that are changing, itching, or bleeding, it is appropriate to seek medical attention.
Growth and feeding can be particularly vexing problems, particularly in young children. In infants and toddlers, feeding therapy may be useful, if there is a concern for the child's ability to feed properly. Gastroesophageal reflux is reported frequently and should be assessed in children who feed poorly, have recurrent emesis or feeding intolerance, or who are apparently experiencing pain during feeding. There are no studies of specific interventions for gastroesophageal reflux in children with BS, and the general practice is to treat with the same protocols used for other children, which may include proper positioning, thickened and reduced volume feedings and use of medications such as H2-receptor blockade or proton pump inhibitors. Consultation with a pediatric gastroenterologist is often indicated. The problems seen in infancy and early childhood usually improve gradually and are resolved by school age. However, many children and adults will have a very selective diet and will continue to eat small volumes of food, and they are often underweight for their height. Almost all persons with BS will have short stature, and this may be the source of difficulties with body image and self-esteem. As noted previously, some children have received growth hormone treatment and have had normalization of growth velocity. The risk of growth hormone exacerbating cancer risk is a concern for this population, and some practitioners have strongly recommended against growth hormone treatment. Because cancer occurs at an early age in many people with BS, it is difficult to conclusively assign early development of cancer to growth hormone use. For the child who is prescribed growth hormone, it is particularly important that parents and child be made aware of this potential risk and that they weigh any benefits against these risks.
Individuals with BS are clearly at risk for insulin resistance and development of type 2 diabetes. This problem is usually encountered in young adulthood or later. Maintaining a normal BMI is helpful, but type 2 diabetes has been seen in people with BS and low BMI. Annual screening by fasting blood glucose level, beginning in late adolescence is reasonable, but its use as a screening test in this population has not been evaluated systematically. The occurrence of hypothyroidism appears to be increased in this population also, which suggests that thyroid functioning screening might be carried out in tandem with fasting blood glucose levels. Prompt medical attention should also be sought for any signs or symptoms of diabetes or hypothyroidism. Standard medical treatment for these conditions is indicated.
The greatest medical concern for patients with BS and their families is their increased risk for cancer. The same cancer prevention strategies that apply to the unaffected population are equally reasonable for people with BS, including avoidance of excessive sun exposure, tobacco use and other toxic exposures. Although the evidence for increased cancer risk from ionizing radiation via diagnostic radiographs is not conclusive, it seems prudent to minimize such exposure and to opt for ultrasound or magnetic resonance imaging if available.
A program of cancer surveillance is important for people with BS, but at this time, there is no consensus on the approach that is most effective. Because there is no clear evidence that early detection of leukemia improves outcome, monitoring by means such as routine complete blood counts is not recommended. Observation of all individuals with BS for constitutional signs and symptoms such as malaise, fever, night sweats or adenopathy, such as one might see in lymphoma, should be brought promptly to the attention of a physician for further evaluation. Unintentional weight loss should also be evaluated promptly as a possible symptom of malignancy. The increased risk of gastrointestinal cancers, particularly colon cancer, deserves special consideration. Medical attention should be sought for dark stools, rectal bleeding or other gastrointestinal concerns. Although the mean age for diagnosis of colorectal cancer in persons with BS is 35 years, the earliest occurrence is 16 years. Screening colonoscopy should therefore be considered by age 16 and carried out regularly, although the appropriate interval is unknown. It is unfortunately not possible to create a screening protocol for all the cancer types that have been seen in people with BS. A general state of vigilance and early medical attention is therefore warranted for any potential signs of malignancy, including abnormal growths or nodules, chronic pain, or fatigue.
The treatment of cancer in individuals with BS deserves special consideration. There is evidence that use of therapeutic radiation and some chemotherapeutic agents such as alkylating drugs may increase the risk of secondary malignancies and should therefore be avoided if possible. Use of a standard weight-based chemotherapy regimen has resulted in significant toxicity and life-threatening complications in many patients, and for this reason, modification of standard treatment regimens is warranted. This usually involves a reduction of both the medication dosage and the number of treatment cycles. Many patients in the Bloom's Syndrome Registry have had their chemotherapy dose reduced by 50% to reduce toxicity and have tolerated these regimens well, though some have required further reductions. Fortunately, it appears that the therapeutic response is particularly positive in this population, with most achieving remission.
Conclusion
Although it has been over 60 years since the original patients with BS were described, much work remains to understand the pathogenesis of some of its cardinal features such as growth deficiency, insulin resistance, pulmonary complications, and immune deficiency. Early detection and treatment of cancer continue to be the most important health concerns for affected persons and the focus of health supervision efforts. Expanded carrier screening can identify at-risk couples, providing the opportunity for informed reproductive decision-making. Future treatments that restore BLM function or that block the excessive homologous recombination hold the promise of improving outcome, but there are ongoing challenges to the development of such treatments and the delivery of these treatments to the appropriate target tissues.
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